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W
inter wheat production across the Canadian prairies peaked in 1985 -1986 (StatsCan, 2007 . Th e development of agronomic practices compatible with the new practice of direct seeding and reduced tillage was the main reason for the increased popularity of winter wheat. Research during the 1980s that identifi ed optimum seeding dates (Fowler, 1982 (Fowler, ,1983a (Fowler, ,1986 and depth (Fowler, 1983b) encouraged the northward expansion of winter wheat production outside the traditional area of the Chinook belt in southern Alberta.
Even though practices for the successful production of winter wheat were adopted, winter wheat cultivar choice for the prairies was limited mainly to two varieties, Sundance (Grant, 1972) and Norstar (Grant, 1980) . Norstar, the newest cultivar at the time, had excellent winter hardiness but very weak straw strength. Th e lack of genetic improvements, limited market potential, and two successive years of severe winter kill led to a signifi cant decline in winter wheat acreage in the late 1980s.
One agronomic practice not fully explored in studies during this time period for western Canada was the determination of optimum plant density for Canada Western Red Winter (CWRW) wheat or hard red winter wheat production. Early seeding rate recommendations paralleled those for spring wheat. Th e seeding rate recommended in a mid-1970s production guide specifi ed 67 to 78 kg ha -1 (< 200 seeds m -2 ) (Grant et al., 1974) . Studies by Entz and Fowler (1991) and Fowler (1986) also used plant densities similar to or slightly less than these recommendations. Smid and Jenkinson (1979) recommended a higher seed rate during this period, but it was for a class of wheat (soft red winter wheat) in Ontario that possesses higher yield potential than hard red. A study conducted in the Netherlands reported that winter wheat grain yield was optimized with a plant density of 100 plants m -2 (Darwinkel, 1978) .
Th e potential for winter wheat to compensate for lower seeding rates or large reductions in plant density (Holen et al., 2001; Whaley et al., 2000) through increased tillering capacity may explain a reluctance to alter seeding rates. However, newer studies suggested that these rates did not fully exploit the yield potential of winter wheat. Lafond and Gan (1999) observed optimal yields at a seeding rate of 134 kg ha -1 . Although their results were reported on a volume basis, which can vary significantly with kernel size, shape, and weight, the rate was approximately twice that of earlier recommendations. McKenzie et al. (2007) reported that increasing seeding rates to achieve a plant density of 350 plants m -2 was ideal for conditions in southern Alberta, particularly if seeding dates were delayed past the optimal window of sowing; that is, early-to mid-September. Th e greatest response to seeding rate was observed in conditions where moisture was not a limiting factor (Tompkins et al., 1991) . In an irrigated environment in Spain, Lloveras et al. (2004) observed a positive response in yield to seeding rates as high as 500 seeds m -2 .
Most studies of seeding rates in winter wheat measured responses in relation to grain production or canopy architecture. In other crops, seeding rates are being integrated with weed management tactics to further the understanding of the interactions of crop productivity and competitiveness. Harker et al. (2003) reported signifi cant changes to crop yield and weed biomass when canola (Brassica napus L.) seeding rates were integrated with herbicide timing and cultivar selection. Barley (Hordeum vulgare L.) studies have shown that higher seeding rates using cultivars with diff ering competitive abilities enhanced crop competitiveness against wild oat (Avena fatua L.) (Harker et al., 2009; O'Donovan et al., 2000; Watson et al., 2006) .
Cultivar selection and weed management practices are equally important tools in an integrated crop management strategy for winter wheat. Blackshaw (1994) reported a reduction in the competitive ability of shorter cultivars of winter wheat in the presence of downy brome (Bromus tectorum L.). Th omas et al. (1994) described the positive infl uence of plant height for winter wheat cultivars on competitive ability and yield. Th ese studies underscore the importance of weed management. Cultivar development in most wheat classes has focused on the development of high yielding, shorter varieties. Harvest management and direct seeding of subsequent crops is enhanced with the reduction in straw residue.
Th e development of cultivars with improved agronomic characteristics and pest resistance/avoidance (e.g., Fusarium head blight and orange wheat blossom midge Sitodiplosis mosellana Géhin), the expansion of market opportunities such as ethanol, feed, and milling industries, and widespread adoption of conservation tillage are some of the factors responsible for the dramatic rise in seeded acreage of winter wheat in western Canada, with nearly 500,000 ha planted in 2006 (StatsCan, 2007 . Information that integrates the new cultivars available to producers with updated seeding rate recommendations and weed management approaches is needed to sustain the renewed interest in winter wheat. Our objective was to assess winter wheat productivity in response to cultivar, seed rate, and weed management.
MATERIALS AND METHODS
Two locations were used for the study: a location in the traditional winter wheat growing region at Lethbridge, AB, Canada (112°47´ W, 49°38´ N), and a location in a nontraditional region at Lacombe, AB, Canada (113°44´ W, 52°28´ N). Th e experiment was established in a new study area at both locations each fall from 2001 to 2003. Th e year in which crops were harvested is used to designate experiment year in this paper, for example, the 2002 experiment was planted in 2001. Th e sites at Lethbridge had an Orthic Dark Brown Chernozem clay loam soil (Typic Boroll) with 32% sand, 49% silt, 19% clay with 4% organic matter content and a pH of 7.5. Th e sites at Lacombe had an Orthic Black Chernozem clay loam soil (Udic Boroll) consisting of 43% sand, 21% silt, 36% clay with 8% organic matter content and a soil pH of 5.9. Plots were direct seeded into barley silage or canola stubble using a commercial zero tillage Conserva Pak air drill (Model CP 129A, Conserva Pak, Indian Head, SK, Canada) equipped with a Valmar air delivery system (Valmar Airfl o Inc., Elie, MB, Canada) and knife openers spaced 23 cm apart. Plots were 4.3 m wide and 16 m long.
A factorial combination of winter wheat cultivar, seeding rate, and herbicide management treatments were randomized in four complete blocks. Varieties were selected to represent all end-use markets for winter wheat production in western Canada: CDC Osprey (Fowler, 1997) (Fowler, 1999) (CWRW; feed wheat, short stature, very strong straw, early maturity, good winter hardiness), and CDC Ptarmigan (soft white winter wheat grown for the ethanol feedstock market, medium height, high yield, fair winter hardiness). Seeding rates were 300, 450, and 600 seeds m -2 , which on a volume basis would be approximately 100, 150, and 200 kg ha -1 . Th e two herbicide management treatments were as follows: (i) fall applied 2,4-Dichlorophenoxyacetic acid (2,4-D LV ester; 560 g a.e. ha -1 ; 2,4-D Ester LV 600, Nufarm Americas Inc., Burr Ridge, IL), or (ii) fall applied 2,4-Dichlorophenoxyacetic acid (2,4-D LV ester; 560 g a.e. ha -1 ) plus a spring incrop tank mix of thifensulfuron/tribenuron (15 g a.i. ha -1 ; Refi ne Extra, Dupont Canada Agricultural Products, Missisauga, ON, Canada) and clodinafop (56 g a.i. ha -1 ; Horizon 240 EC, Syngenta Crop Protection Canada, Guelph, ON, Canada).
Each study area was treated with glyphosate (RoundUp, Monsanto, St. Louis, MO) a few days before seeding applied at a rate of 900 g a.e. ha -1 using a motorized sprayer calibrated to deliver a carrier volume of 45 L water ha -1 at 275 kPa pressure. At both locations, tame oat (Avena sativa L.) and canola were broadcast on soil surface in late fall aft er planting at a rate of 100 seeds m -2 (each species) to augment the native dicot and monocot weed population. Nitrogen and P 2 O 5 fertilizer was side-banded at time of seeding according to soil test recommendations. Fall 2,4-D was applied in mid-late October using a motorized sprayer calibrated to deliver a carrier volume of 45 L water ha -1 at 275 kPa pressure. Th e spring herbicide application occurred in mid-to late May using the same application method as the fall herbicide treatment.
Plant counts were performed fi rst in the fall by staking and counting two paired 1-m sections of crop row in each plot. Th e same sections were counted again in spring to determine winter survival, and to assess spike density. Weed counts were performed by placing a 0.5-m 2 quadrat in two random spots of each plot and counting all dicot and monocot weeds. Aboveground weed biomass was collected in mid-July from four 0.5-m 2 quadrats in each plot. Th e dicot and monocot weed biomass samples were then dried at 60°C and weighed. Th e same quadrats were also used to calculate aboveground crop biomass at Lacombe only. Wild and tame oat, wild buckwheat (Polygonum convolvus), dandelion (Taraxacum offi cinale), cleavers (Galium spurium), and hempnettle (Galeopsis tetrahit) were the most commonly observed weeds at Lacombe; wild buckwheat, stinkweed (Th laspi arvense), fl ixweed (Descurainia sophia), kochia (Kochia scoparia), wild and tame oat, and sow thistle (Sonchus arvensis) were the prominent weeds in Lethbridge.
Plots were harvested at maturity using a plot combine equipped with a straight-cut header, pickup reel, and crop lift ers. Grain yield was calculated from the entire plot area and a 2-kg subsample was retained to characterize seed weight (g 1000 kernels -1 ), test weight (kg hL -1 ), and dockage (defi ned as extraneous plant, insect, or other material in the harvested seed). Determination of percent plump and thin kernels was performed by passing a 300 g composite sample of grain over a no. 6 slotted top sieve, no. 5 slotted center sieve, and a blank bottom sieve. Plump kernels would remain on top or lodged in the no.6 slotted sieve; thin kernels would pass through the no. 5 center sieve (Available at http:// www.grainscanada.gc.ca/oggg-gocg/06/oggg-gocg6e-eng.htm#s [verifi ed 21 Dec. 2009]) . Extraneous or dockage material retrieved from the blank sieve was classifi ed as discard material. Whole grain protein concentration was determined from the same subsample using near infrared refl ectance spectroscopy technology (Foss Decater GrainSpec, Foss Food Technology Inc., Eden Prairie, MN). Starch concentration was determined from a composite sample of all replications at each site using the American Association of Cereal Chemists (AACC) approved method 76.13 (AACC, 1976) .
Crop data were analyzed with the PROC MIXED procedure of SAS (Littell et al., 1996) . Weed data were analyzed with the PROC GLIMMIX procedure of SAS (SAS Institute, 2005) . For both analyses, the eff ect of replicate and site (location × year combinations) were considered random, and the eff ects of applied treatments were considered fi xed. A negative binomial probability distribution and log link function model specifi cations was used for the analysis of weed variables. A combination of variance estimates and P values were used to determine the importance of variance estimates for the random site by treatment interaction. Contrasts were used to determine the statistical importance of certain comparisons among the applied treatments. Treatment eff ects were declared signifi cant at P < 0.05.
A grouping methodology, as previously described by Francis and Kannenberg (1978) , was used to further explore treatment responses. Th e mean and CV were estimated for each level of the treatment across sites and replicates. Means were plotted against CV for each level of the treatment. Th e overall mean of the treatment means and CVs was included in the plot to categorize the biplot ordination area into four quadrats/categories: Group I: High mean, low variability (optimal); Group II: High mean, high variability; Group III: Low mean, high variability (poor); and Group IV: Low mean, low variability.
Th e eff ect of total (dicot and monocot) weed biomass on crop yield was explored further with regression analysis. Th e variety by seeding rate by herbicide means derived from analysis of variance for total weed biomass and crop yield were used as data for the analysis. Winter wheat yield means were regressed against total weed biomass means separately for each herbicide treatment with the PROC REG procedure of SAS. Qualitative assessments also were made regarding relative position of the treatment combinations along regression trend lines.
RESULTS AND DISCUSSION

Winter Wheat Stand Establishment
When averaged across all treatment combinations, winter wheat emerged 14 d aft er planting. Despite signifi cant diff erences, variety and seeding rate did not alter the emergence rate by > 1 d (data not shown).
Winter wheat fall plant density did not diff er among varieties, but spring plant density was lower for CDC Ptarmigan than for the other varieties (Table 1) . Th e fall and spring plant density relative to the theoretical maximum plant density associated with corresponding seeding rates (stand percentage) was calculated to assess the eff ect of seeding rate for plant density (Table 1) . For fall and spring density, respectively, a curvilinear and linear stand percentage decrease occurred as seeding rate increased. Reduced stand percentage is consistent with another study conducted in Alberta where spring stand percentage decreased as seeding rate increased (McKenzie et al., 2007) .
Th e most important attribute of winter wheat plant density is winter survival; the diff erence between fall and spring plant density relative to fall plant density. Winter survival was greater for CDC Falcon and Radiant vs. CDC Ptarmigan, with CDC Osprey winter survival being intermediate (Table 1) . CDC Falcon's survival data is surprising because it is reported to have winter hardiness similar to or less than CDC Osprey (Fowler, 1999) , which suggests that winter abiotic stress was .7 4 * 0.05 ≥ P value ≥ 0.01. ** P value < 0.01. † Numbers to the left represent statistics for absolute density, whereas those to the right represent statistics for percentage density relative to the corresponding seeding rate (stand percentage). ‡ The numbers in parentheses are percentage of the variance associated with the effect of site × treatment interaction divided by the sum of the total variance associated with the effect of site (sum of both variance estimates).
not severe during this study period. Other management practices did not aff ect winter survival, which suggests a high level of genetic control for winter wheat survival.
Th e variability of winter survival among varieties and stand percentage among seeding rates were deemed to be worthy of further investigation. A biplot of the responses confi rmed that with CDC Ptarmigan, and to a lesser extent CDC Osprey, winter survival was less than that of the other winter wheat cultivars (Fig. 1) . Winter wheat survival responses generally were more variable for CDC Ptarmigan. Th e average response for stand percentage to seeding rate was apparent in the biplot graph; greater stand percentage as winter wheat seeding rate was decreased (Fig. 1) . Also, stand percentage was increasingly more variable as seeding rate was decreased. Spaner et al. (2000) also observed that thinner winter wheat stands in Newfoundland, and a consequent reduction in plant cover, could potentially aff ect the consistency of winter survival.
A notable amount of variance (13%) was associated with the interaction between the random eff ect of site (location × year combinations) and the applied treatments for winter survival and stand percentage (Table 1) . It was thought that at least a portion of the aforementioned variability of treatment eff ects among sites might be ascribable to location (Lacombe vs. Lethbridge) diff erences. Further analyses showed that varietal diff erences for winter wheat survival did not diff er among locations (data not shown). However, as seeding rate was increased from 300 to 600 plant m -2 , percent emergence in the spring decreased from 67 to 60% at Lacombe and 71 to 57% (SE = 2 for all means) at Lethbridge.
Crop Yield and Yield Components
Yield and yield component diff erences among varieties and seeding rates were signifi cant when averaged across sites (Table  2) . However, a notable amount of variance (32%) was associated with the interaction between the random eff ect of site and the applied treatments for heads m -2 and kernel weight (Table 2) . Th (Table 2) , but results did not diff er among locations (results not shown). Th erefore, site variability for the eff ect of variety on kernel weight was largely due to variability among location × year combinations, not just locations. As mentioned previously, there were yield diff erences among varieties and seeding rates for yield, and yield component compensation also occurred for these same diff erences. Environmental variability of yield components between sites may have aff ected the degree of yield compensation, but did not ultimately alter grain yield among sites (site × treatment interaction accounting for only 2% of variance).
Average yield and yield components responses were aff ected by variety, seeding rate, and herbicide (Table 2) . Grain yield was greatest for CDC Ptarmigan (0.5-1 Mg ha -1 greater than the average of other varieties) and least for CDC Osprey, with yields of CDC Falcon and Radiant being intermediate (Table 2) . Crop biomass was greatest for CDC Ptarmigan and least for CDC Falcon, with intermediate biomass estimates noted for the other cultivars (Table 2) . Kernel weight accounted for CDC Ptarmigan's greater grain yield. Although Radiant also showed high kernel weight, fewer heads and a lower head density lowered Radiant's grain yield. Averaged over all seeding rates and cultivars, the addition of a spring herbicide application increased head number per plant and head density; however these increases were not enough to result in an overall increase in grain yield. Further examination of these data by using contrasts (unprotected F tests) and mean diff erences indicated that application of fall plus spring herbicide rather than just fall herbicide increased CDC Ptarmigan and CDC Falcon heads per plant and per area, but had no eff ect on the other varieties (Table 3) . Still, no appreciable grain yield benefi t was derived from the added spring herbicide input, regardless of variety (Table 2 ).
All yield-related variables, except crop biomass and kernel weight, responded to the eff ect of seeding rate (Table 2) . Grain yield was 0.24 Mg ha -1 greater for the 300 and 450 seeds m -2 vs. the 600 seeds m -2 seeding rate. Heads per plant decreased linearly with increasing seeding rate. However, comparatively less adjustment in winter wheat head density did not allow for maintenance of grain yields at the 600 seeds m -2 treatment. Apparently, the reduction in tiller formation without concomitant increase in heads m -2 was the predominant reason for the lower grain yield. Alternatively, increasing seeding rate maintained the survival of plants over winter, reduced the tillers per plant and increased the number of heads per unit area; a combination that enhances the competitiveness and only reduced yield at the highest seeding rate. Yield responses to treatments did not diff er greatly among sites; 2% of total variance associated with sites (Table 2) . Furthermore, treatments eff ects for yield did not diff er among locations (data not shown). A biplot of the yield responses confi rmed that CDC Ptarmigan yields were greatest and CDC Osprey least (Fig. 1) . Additionally, CDC Ptarmigan yields were least variable among the varieties; high mean and low variability being optimal. Th erefore, CDC Ptarmigan performed best and produced the most stable yields in the presence of environmental variability. Quality Quality-related responses almost exclusively were only aff ected by variety (Table 4) . Other studies, however, have shown an improvement in quality parameters in winter wheat through increased seeding rates (Geleta et al., 2002) . Compared to other varieties, CDC Ptarmigan protein concentration, test weight, and percentage plumps were less than the other varieties, while starch concentration, percentage thins, and percentage discards were greater for CDC Ptarmigan (Table 4) . Radiant had the greatest percentage plumps, and CDC Falcon and CDC Osprey had intermediate levels of percentage plumps; the opposite was true for percentage thins. Radiant and CDC Falcon had the least discards and CDC Osprey had intermediate levels of discards. Radiant, and to a lesser extent CDC Osprey, had better quality; this advantage would be expected considering genetic diff erence and target markets. However, Radiant and CDC Osprey would not have achieved 'Select' milling status as the protein accumulation for both varieties was 11.2% and 11.1%, respectively, which was below the 11.5% standard established by the Canadian Wheat Board (CWB) at the time. Th e CWB has since lowered the minimum standard to 11%.
For quality-related responses, site × treatment variability was not noteworthy except for starch concentration. Contrasts that showed the greater starch concentration for CDC Ptarmigan and Radiant vs. the other varieties when averaged across all sites (Table  4) did not diff er between locations (data not shown). Th erefore, site variability for the eff ect of variety on starch content was largely due to variability among location × year combinations, not just locations.
Weed Growth and Dockage
Herbicide treatment aff ected weed growth and dockage (Table 5 ). Monocot and dicot weed biomass and dockage were greater with fall vs. fall plus spring application (Table 5) . Analysis was not possible for monocot weed biomass data because most monocot weed weight was negligible for the fall plus spring application. Weed growth also was aff ected by variety and seeding rate, but dockage was not aff ected.
Dicot and monocot weed density and monocot weed biomass responded to the interactive eff ect of variety by seeding rate (Table 5) . Increasing seeding rate from 300 to 600 seeds m -2 resulted in a reduction in monocot weed biomass for CDC Osprey and particularly Radiant (Table 6 ). Varying seeding rate with CDC Falcon and CDC Ptarmigan, however, did not aff ect monocot weed biomass. Of particular interest was the consistently low level of monocot weed biomass for CDC Ptarmigan regardless of the seeding rate, indicating that the variety was very competitive with weeds. Th e genetic contribution to wheat competitiveness has been summarized in previous studies (Lemerle et al., 2001; Mason et al., 2007a) , however our results suggest a larger variety contribution to competitiveness than other studies reporting seeding rate × variety interactions (Lemerle et al., 2004) . Th ere was a signifi cant variety by seeding rate interaction for ** P value < 0.01. † The numbers in parentheses are percentage of the variance associated with the effect of site by treatment interaction divided by the sum of the total variance associated with the effect of site (sum of both variance estimates).
monocot weed density, but the treatment diff erences for monocot weed density and biomass were not identical (Tables 5 and 6 ). Th is lack of correspondence, and the fact that the eff ect of variety and seeding rate on monocot weed biomass made agronomic sense, indicates these treatments mostly impacted per plant productivity of monocot weeds. Th e signifi cant variety by seeding rate for dicot weed density was due to greater numbers of dicot weeds for CDC Ptarmigan as seeding rate increased (results not shown). Th is response does not make agronomic sense when considered independent of other things. It is possible this response to seeding rate for CDC Ptarmigan was due to an overall low level of monocot weed growth (i.e., greater space available for dicot weed emergence). However, the lack of a variety by seeding rate interaction for dicot weed biomass indicates that this interaction for dicot weed density was of minimal agronomic importance.
Total weed biomass responded to the eff ect of herbicide (mentioned previously) and to eff ects of variety and seeding rate, with no interactions among factors detected (Tables 5 and 7 ). However, the benefi t of reduced weed biomass from the spring herbicide treatment did not translate into a yield benefi t (Table  2) . CDC Falcon had the greatest level of total weed growth and CDC Ptarmigan the least, with Radiant and CDC Osprey having intermediate levels of total weed growth. Total weed biomass decreased when seeding rate was increased from 300 to 450 seeds m -2 , but a further decrease in weed biomass did not occur when seed rate increased from 450 to 600 seeds m -2 (Table 6) .
Dicot and total weed biomass were the only weed-related variables with notable site by treatment variability. For these variables, respectively, 61 and 38% of the total variability associated with the eff ect of site could be attributed to the site × treatment interaction. Contrasts showed that varietal diff erences varied between locations, and means indicated that dicot and total weed biomass diff erences were most prominent at Lethbridge (data not shown). At Lethbridge, CDC Falcon had the greatest level of total weed growth (113 ± 77 g m -2 ) and CDC Ptarmigan (36 ± 25 g m -2 ) the least, with Radiant and CDC Osprey having intermediate levels of weed growth only. At Lacombe, total weed biomass ranged from 14 (SE = 4) to 20 (SE = 6) g m -2 . Dicot weed biomass varietal diff erences also varied in similar manner between locations (data not shown).
Crop-Weed Interference
To assess the eff ect of weeds on winter wheat yield, a regression of yield against total weed biomass was conducted using treatment means as the data. Th e vertical alignment of fall plus spring herbicide treatment means indicated that diff erences among variety by seeding rate combinations were likely not due to crop-weed interference (Fig. 2) . Th e fact that weed biomass was minimal when herbicide was also applied in spring ( Table  7 ) would indicate that crop-weed interference did not occur for the fall plus spring herbicide treatment (Fig. 2) .
Th e response of winter wheat yield relative to total weed biomass did reveal trends for fall only herbicide treatment combinations (Fig. 2) . Exploratory analysis indicated that inclusion of the data points for CDC Osprey-600 seeds m -2 and Radiant-300 seeds m -2 treatment combinations caused poor model fi t and leveraging. By omitting these points, the r 2 for the regression improved from near 0% to about 50%. A purely linear model results in a statistical signifi cant slope coeffi cient (P = 0.011), whereas a curvilinear model resulted in a lower r 2 (45%) and nonsignifi cant linear and quadratic slope coeffi cients. Th erefore, regression analysis results indicated that each g m -2 increase for weed biomass corresponded with a 0.006 Mg ha -1 (SE = 0.002) reduction in winter wheat yield. Obviously, new weed growth in spring, which was not controlled by the application of herbicides only in the fall, may have resulted in weed biomass levels capable of reducing winter wheat yields. When the yield reduction observed for the regression in Fig.   2 was extrapolated to the data point with maximum total weed biomass removed for the purposes of the regression (Radiant 300 seeds m -2 ), it seemed the yield reduction was leveling off at about 300 g m -2 of weed biomass (Fig. 2) . Th e varietal diff erences indicated that weed management (choice of herbicide applications and crop seeding rate) were most important for the least competitive winter wheat cultivars. Th e greatest yield reduction associated from weeds occurred for thinner stands of Radiant and CDC Osprey, and for CDC Falcon regardless of stand density when yield reduction for the diff erent treatment combinations was considered. CDC Ptarmigan, however, appears to be the variety choice to maintain maximum yields in the presence of weeds. Th e tradeoff of a variety choice likely will also be based on market access. CDC Ptarmigan is a Canada Western General Purpose variety suitable for nonmilling markets such as feed or ethanol production, but its competitive ability would be well-suited in an organic system (Mason et al., 2007b) . Th e other varieties, which represent alternative markets, were most susceptible to crop-weed interference, and thus would require spring herbicide applications or greater seeding rates to avoid significant yield reduction in the presence of greater weed pressure.
Weed Competitiveness
In addition to the eff ect of weed growth on crop yield, the eff ect of winter wheat stand on weed growth also was investigated. Looking at crop-weed dynamics in this manner allowed us to determine if stand established aff ected weed growth, as it was apparent the spring herbicide application was not. Th e analysis used to answer the preceding considered plant density (spring) instead of seeding rate (categorical variable; 300, 600, and 900 seeds m -2 ) of each variety and their eff ect on weed growth for the herbicide application level with notable weed growth (fall only). Mean total weed biomass was estimated over a relevant range of plant density for each variety. Th e interaction of variety by spring plant density was statistically signifi cant (P < 0.001). Th is interaction occurred because the eff ect of spring plant density was statistically signifi cant (P < 0.01) for all varieties except Radiant. Results in Table 8 indicated that greater CDC Falcon plant density did not result in a concomitant reduction for weed growth, and is likely due to the shorter stature of CDC Falcon. Several studies have documented the reduced competitive ability of short-stature cultivars (Harker et al., 2009; O'Donovan et al., 2000) . Improvements in the competitive ability of shorter varieties could be derived from narrower row spacing (Drews et al., 2004) to possibly enhance yield of winter wheat (Joseph et al., 1985) . Although there was no direct way to assess interactions between winter wheat and weeds, the analyses conducted here indicate that there are possibly opportunities to reduce the negative eff ects of weeds in winter wheat stands.
CONCLUSIONS
Th e use of stability parameters, which are normally used in breeding and genotype × environment interaction studies, allows agronomy and cropping systems researchers to identify systems or management packages that provide consistently stable responses across sites and years. Th e results of this study demonstrate the importance of integrating cultivar selection with sound agronomic practices for optimum weed management and yield of winter wheat. When practices were integrated with the use of optimum seeding rates, greater yield and survival stability was usually observed. Although weed biomass was signifi cantly reduced with the additional spring in-crop herbicide treatment, this practice did not always result in increased grain yield. Our results suggest winter wheat can be productive without added inputs of spring herbicides with proper variety selection and proper choice of seeding rate.
